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ABSTRACT  

Diffusive or passive sampling methods using commercially filled axial-sampling thermal 

desorption tubes are widely used for measuring volatile organic compounds (VOCs) in air. 

The passive sampling method provides a robust, cost effective way to measure air quality with 

time-averaged concentrations spanning up to a week or more.  Sampling rates for VOCs can 

be calculated using tube geometry and Fick’s Law for ideal diffusion behavior or measured 

experimentally. There is evidence that uptake rates deviate from ideal and may not be 

constant over time. Therefore, experimentally measured sampling rates are preferred. In this 

project, a calibration chamber with a continuous stirred tank reactor design and constant VOC 

source was combined with active sampling to generate a controlled dynamic calibration 

environment for passive samplers. The chamber air was augmented with a continuous source 

of 45 VOCs ranging from pentane to diethyl phthalate representing a variety of chemical 

classes and physiochemical properties. Both passive and active samples were collected on 

commercially filled Tenax TA thermal desorption tubes over an 11-day period and used to 

calculate passive sampling rates. A second experiment was designed to determine the impact 

of ozone on passive sampling by using the calibration chamber to passively load five terpenes 

on a set of Tenax tubes and then exposing the tubes to different ozone environments with and 

without ozone scrubbers attached to the tube inlet. During the sampling rate experiment, the 

measured diffusive uptake was constant for up to seven days for most of the VOCs tested but 

deviated from linearity for some of the more volatile compounds between seven and eleven 

days. In the ozone experiment, both exposed and unexposed tubes showed a similar decline in 

terpene mass over time indicating back diffusion when uncapped tubes were transferred to a 

clean environment but there was no indication of significant loss by ozone reaction.  
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INTRODUCTION 

Individuals spend the majority of their time indoors. On average, people spend 87% of their 

time either indoors at home or in office buildings and 6% of their time in vehicles (Klepeis 

et.al. 2001). A wide variety of volatile organic compounds (VOCs) and other air pollutants 

(such as ozone, carbon monoxide, carbon dioxide, nitrogen dioxide and particulate matter) 

can impact indoor air quality (Maddalena et.al. 2012; Hodgson and Levin, 2003), occupant 

health (Logue et.al. 2011) and performance (Satish et.al. 2011). The indoor air concentration 

of VOCs in particular often exceeds concentrations typically found in outdoor air. This is due, 

in part, to the presence of chemical sources in residential, public and commercial buildings 

including: building materials, consumer products, cleaning products, pesticides, and activities 

such as smoking, printing, cleaning and cooking. Indoor air concentrations of VOCs are 

influenced by fresh air ventilation rates in buildings where the combination of chemical 

sources and low ventilation rates can result in elevated exposures for building occupants. 

Exposure to high levels of VOCs has been linked to a variety of adverse health effects ranging 

from cancer to sensory irritation. Measuring the levels of VOCs present in indoor air is 

therefore an important component of indoor air quality assessment.  

Actively collecting air samples onto adsorbent media is a well-established technique that has 

been widely used for indoor air quality assessments. The approach uses a calibrated pump to 

pull a known volume of air through sorbent material over a predetermined time interval or 

integration period (Woolfenden & McClenny, 1999). Chemicals are trapped on the sorbent to 

be later desorbed for measurement, typically by thermal desorption and gas 

chromatography/mass spectrometry (TD-GC/MS). The TD-GC/MS analysis determines the 

mass of each target chemical on the sorbent and then the average concentration over the 

sampling period is determined by dividing the mass by the total volume of air sampled. The 

integration period for active sampling is relatively short with typical sampling periods from 

30 minutes to several hours. The lower limit on integration period is dictated by the maximum 

face velocity of air that can be sustained without chemical break through (ASTM D 6196-03). 

The upper limit on integration period is determined by the minimum flow rate that can be 

sustained using a pump without molecular back-diffusion biasing the results. Although active 

sampling techniques are well established and highly reliable, the approach has several 

disadvantages. For example, active sampling typically requires either trained personnel or 

expensive control systems, and uses pumps that are heavy, noisy and not easily adaptable to 

either ultra-slow or intermittent sampling. As a result, active sampling methods are not well 

suited for long-term integrated sampling, for deployment by un-trained personnel (i.e. home 

owners or building managers), or for large scale sampling events requiring multiple co-

deployed samplers to improve spatial resolution.  

Passive sampling techniques are also well established (ASTM D 6196-03) and widely used 

(Jia et.al. 2011; Walgraeve et.al. 2011). The samplers work continuously by molecular 

diffusion through a fixed boundary layer once the sampling device is opened to the 

environment. Passive sampling rates are controlled by the chemical’s molecular diffusivity 

(Dair, cm
2
/min), the projected surface area of the sorbent face (A, cm

2
) and the diffusion path 

length (L, cm). The integration period (length of sampling time) is limited only by the sorbent 

capacity or the sorbent/air partition coefficient (Ks/a, unitless).  

There are three types of commercially available passive VOC samplers. Badge samplers can 

be worn for personal monitoring but require special extraction procedures to analyze. Radial 

diffusive samplers collect through the walls of a tube providing larger sorbent surface area 

(and sampling rate) and are processed either by solvent extraction or thermal desorption.  
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Axial diffusive samplers are based on the design of standard thermal desorption tubes 

collecting sample through an open end of the tube and are processed in the same manner as 

active samples by thermal desorption. The axial diffusion sampling tubes are most convenient 

because they utilize the same sampling tubes and analytical methods as active sampling but 

allow for much longer integration periods. These longer integration periods can better reflect 

chronic exposure for building occupants or workers. Passive sampling techniques are quiet, 

simple, require no power or extra equipment and may be deployed by anyone following 

simple written instructions. These attributes allow a researcher to do large-scale or field 

studies more easily than with active sampling.  

Unlike active sampling techniques where the sampling rate is controlled by a pump and is the 

same for all chemicals in the sample, passive sampling rates depend on molecular diffusivity, 

sampler geometry and sorbent capacity so chemical and sampler specific sampling rates need 

to be used. Sampling rates or uptake rates (UR, mL/min) can be calculated for diffusive 

samplers from Fick’s Law as 

    
        

 
 (1) 

 

Where Dair (cm
2
/min) is the chemical specific molecular diffusivity, A (cm

2
) is the projected 

surface area of the sorbent face or cross sectional area of the tube opening in the axial 

sampler, and L (cm) is the diffusion path length or distance from the entrance of the tube to 

the face of the sorbent material. Most commercially available thermal desorption tubes are 

built to tight specifications with the distance from opening to face of sorbent set to 15 mm. 

Actual uptake rates often deviates from the theoretical uptake rate represented by Equation 1 

(Walgraeve et.al. 2011a and 2011b; Gonzalez-Flesca and Frezier, 2005; Yılmaz Civan et.al. 

2012; ASTM D 6196-03; Kumar and Viden, 2007) so it is necessary to experimentally 

determine uptake rates under application relevant conditions.  

Uptake rates can be determined experimentally with either field measurements or chamber 

measurements. In both cases the uptake rate is measured by co-locating active and passive 

samplers then calculating uptake volume (V, Liters) using the blank corrected mass on the 

passive sampling tube and the time-averaged concentration determined with the active 

sampler. Then uptake rate (UR) is determined dividing V by the duration of sampling event as 

shown in Equation 2.  

    
        

 
     (2) 

Where m is the mass measured in the diffusion tube (g), mb is the mass of chemical 

measured in a blank tube that is co-deployed with the diffusive sampler but remains capped 

during the sampling period, C (g/L) is the time averaged concentration measured by active 

sampling over the period of diffusive uptake and t (min) is the duration of the diffusive uptake 

period.   

There are a number of different commercially available thermal desorption tubes that can be 

used as axial-diffusive passive samplers. Tubes from different manufacturers may vary in 

internal diameter, overall length and material but a common diffusion path length (distance 

from tube opening to face of sorbent) is typically used. Press-on diffusion caps with metal 

gauze across the opening are typically used on the inlet side of an axial-diffusion tube during 
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sampling to mitigate effects of wind on diffusive uptake rate while the outlet side of the tube 

remains closed.  

Similar to active sampling tubes where the sorbent material is selected to provide sufficient 

capacity to limit chemical breakthrough during sampling, the capacity of the sorbent material 

used in passive sampling tubes is selected to prevent back diffusion of target compounds 

(Brown and Shirly, 2001; ASTM D 6196-03). However, there is evidence that ozone reactions 

may consume VOCs sorbed to surfaces (Springs et.al. 2011; Coleman et.al. 2008). Ozone 

reaction with sorbed VOCs may lead to losses of chemical mass during the sampling period. 

If ozone reactions are found to bias diffusive sampling results, it may be necessary to use 

ozone scrubbers on the inlet to the axial-diffusive sampling tubes. Although it is commonly 

recommended that ozone scrubbers be used for aldehyde sampling, no information is 

available to determine if ozone scrubbers are needed for passive VOC sampling.  

The aims of this study were to 1) experimentally determine the passive sampling uptake rates 

for a broad range of indoor relevant VOCs using commercially available sampling tubes, 2) 

explore the effects of ozone on the stability of terpenes sorbed passively to axial diffusion 

tubes, and 3) provide recommendations for passive sampling of VOCs in indoor air quality 

assessments.   

METHODS  

Overview 

A list of target compounds representing a range of chemical classes and physiochemical 

properties was identified from previous indoor air quality studies. These compounds were 

mixed at equal mass in a solution and injected at a constant rate into a heated glass tube where 

the mix was rapidly volatilized and swept into a continuous stirred tank reactor chamber 

producing a controlled well-mixed atmosphere at ambient temperature and humidity. Pre-

conditioned axial diffusion tubes with diffusion caps were installed at different orientations in 

the chamber at the start of the sampling period. Two tubes were harvested each day over a 

period of eleven days for passive uptake determination. Active samples were collected twice 

daily to measure the time-averaged concentration of each target chemical. The results were 

used to calculate sampling rates for the target compounds.  

A second experiment was conducted to test ozone interaction with sorbed VOC. The chamber 

was spiked with a continuous mix of terpenes over seven days. Passive samplers were 

deployed without diffusion caps at the start of the sampling period. Both passive and active 

samples were collected daily and used to estimate uptake rates. At the end of seven days, the 

remaining twelve sampling tubes were removed from the chamber. The terpene delivery 

system was removed and an ozone generator installed. Once ozone levels in the chamber 

stabilized at the target level, nine tubes were configured with either a potassium iodide (KI) 

coated denuder (ozone scrubber), an uncoated denuder, or left with an open inlet and returned 

to the chamber with elevated ozone. The remaining three tubes were placed in an ozone free 

environment with an unmodified open inlet. After four days, all tubes were harvested and 

analyzed to determine the effect of ozone exposure on sorbed VOCs.  

Details of the experiments are provided below. 

Reagents   

Pure chemicals (≥ 98% purity) were used in this study (Sigma-Aldrich, Fluka). Two VOC 

mixtures were prepared by mixing equal amounts (by mass) of each target compound listed in 
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Appendix 1 found at the end of this document. Chemicals are sorted by compound class and 

increasing boiling point. Target compounds were selected to represent a wide range of indoor 

pollutants with different physiochemical properties that are relevant to indoor air quality 

assessments. The first mix includes all the compounds in Appendix 1 and was used for the 

diffusive uptake measurements while the second chemical mix was prepared with just the 

terpenes: 3-carene, -pinene, -terpiene, -terpineol and d-limonene and used for the ozone 

experiment. The relevant physiochemical properties for each compound are provided in 

Appendix 1.  

The property values in Appendix 1 were either taken from the original container of the pure 

compound or looked up on-line at ChemSpider.com where the molecular weight (MW, g/mol) 

and CAS number are reported under chemical identification; boiling point (BP, C) is from 

the experimental database; molar volume (Vx, cm
3
/mol) is from the Predicted-ACL/Labs tab 

and the remaining properties are from the Predicted-EPISuite tab. Diffusivity in air (Dair, 

cm
2
/s) is calculated (Tucker and Nelken, 1990) as  

                    
√

       

    

[           ]
  (3) 

Where T is the air temperature (kelvin), MW is the molecular weight of compound of interest 

(g/mol), and Vx is the molecular volume of the compound (cm
3
/mol). The values 29 and 2.7 

represent the molecular weight and cubic root of molecular volume, respectively, for air.   

Ozone scrubber preparation 

Ozone scrubbers were prepared using a potassium iodide solution by mixing equal parts of 

(A) a 20 g of KI (> 99%, Aldrich) in 10 mL of de-ionized water, and (B) 10% (v:v) glycerol 

in methanol solution. The mixture was stirred 15 min with no added heat and used to coat the 

inside of denuder tubes mounted at the inlet of the samplers.   

Calibration Chamber 

A medium-scale (395 L) continuous stirred cylindrical frame flow through chamber 

constructed with a Teflon-coated aluminum frame wrapped in a transparent Teflon film 

shown in Figure 1 was used for the uptake experiments. The continuous stirred tank reactor 

(CSTR) design was originally used in chemical engineering applications but later adapted for 

use with biological systems (Jeffries et.al., 1976) and for investigating the interaction between 

trace pollutants and plants (Rogers et.al., 1977; Heck et.al., 1978). The design has since been 

used to measure uptake of semi-volatile organic compounds into vegetation (Maddalena et.al. 

2002) and to measure active emission rates from computers and printing devices (Maddalena 

et.al. 2010). The CSTR design provides near ideal mixing so that test compounds introduced 

in the inlet of the exposure chamber are uniformly mixed throughout the system. As a result, 

measurements collected at the chamber exit port are representative of the concentration at any 

point within the chamber (Heck et.al., 1978). By constructing the CSTR from Teflon coated 

material and film, the interaction of pollutants with the chamber walls is minimized providing 

an ideal environment for calibration of passive sampling uptake rates.  
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Figure 1.  Medium scale Teflon Continuous Stir Tank Reactor chamber. Photo shows the chamber setup for 

measuring passive sampling rates in commercially filled Tenax TA thermal desorption tubes. 

Room air is drawn into the CSTR through a bed of activated carbon (Purafil® SP media) to 

remove background contaminants. The chamber temperature and relative humidity (RH) were 

controlled by conditions in the room (T = 22.5 ± 0.5 ˚C and RH = 35% ± 5%). Environmental 

variables (T, RH and pressure differential [inside-outside]) are logged continuously during 

operation (HOBO model U10 Temp/RH Data Logger). The chamber is equipped with a 

controlled CO2 source and continuous CO2 analyzer for air exchange rate confirmation as 

needed. Air change rate during the study was maintained at 2.0 ± 0.2 per hour during the 

diffusive sampling experiment and 1.0 ± 0.2 per hour during the ozone experiment. Chamber 

exhaust was evacuated to a fume hood using a continuous flow rotary vane pump and 

rotometer flow control valves. An impellor mounted at the top of the chamber and operated at 

approximately 50% power insures homogeneous mixing in the chamber.  

The VOC mixtures were introduced into the chamber using a programmable syringe pump 

(NE-4000; New Era Pump Systems), fitted with a 500 mL glass syringe. The syringe was 

connected to a Tube Spiking Apparatus (TSA, Gerstel US) set at 100 ˚C for the VOC uptake 

experiment and 40 ˚C for loading terpenes during the ozone experiment. The VOC mixture 

was introduced at a rate of 0.03 µL/min for the VOC uptake experiment and 0.013 µL/min for 

the ozone experiment. The mixture was volatilized in the TSA and swept into the chamber 

with a continuous flow of house air (500 mL/min).  

Ozone was generated by passing house air through a glass tube exposed to UV light in a 

Stable Ozone Generator (model 50G-2). An O3 analyzer (Advanced Pollution 

Instrumentation, model 400) was used to monitor the ozone levels in the chamber. Ozone was 

added to the chamber at a constant rate through a Teflon tube inserted into the inlet air stream 
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providing a steady-state ozone concentration between 10 and 20 ppb, which is a 

representative range for what might be found in indoor environments.  

Passive Sampling 

The original study design included two different axial-diffusive samplers (Gerstel and 

PerkinElmer) but only the Gerstel tubes were analyzed.  

The diffusive uptake experiment used stainless steel Tenax®-TA sorbent tubes with an inner 

diameter of 4 mm, outside diameter of 6 mm, and 17.8 cm length (Supelco, 28271-U). Tubes 

were pre-conditioned in a tube conditioning unit (TCU, Gerstel US) with high purity helium 

at 40 mL/min and 315 ˚C for 1 hour. After the CSTR concentrations reached steady-state, the 

tubes were deployed in the chamber at different orientations with the front end of the tubes 

fitted with standard diffusion caps (Supelco, 28017-U) and the outlet from the tube capped 

with a swage cap and Teflon ferrule. Two tubes were harvested every 24 hours during the 

uptake period, transferred to storage sleeves with Teflon lined caps (Supelco, 25095-U) and 

stored at -20 ˚C until analysis.  

The ozone experiment used stainless steel Tenax®-GR sorbent tubes with an inner diameter 

of 4 mm, outside diameter of 6 mm, and 17.8 cm long (Supelco, 28272-U). Tubes were pre-

conditioned in a tube conditioning unit (TCU, Gerstel US) with high purity helium at 40 

mL/min and 315 ˚C for 1 hour. Diffusion caps were not used for the ozone experiment 

because the original purpose was only to passively load terpenes on tubes for subsequent 

ozone exposure. After the CSTR concentrations reached steady-state with the terpene mix, the 

tubes were deployed in the chamber at different orientations with the front end of the tube 

open to the environment and the back end of the tube capped with a swage fitting and Teflon 

ferrule. Two tubes were harvested every 24 hours during the uptake period, transferred to 

storage sleeves with Teflon lined caps (Supelco, 25095-U) and stored at -20 ˚C until analysis. 

At the end of the uptake period, the remaining tubes were collected and capped then used in 

the ozone exposure experiment described later.  

Active Sampling 

Active VOC samples were collected on multibed sorbent tubes (Gerstel, P/N 012347-005-0) 

with a primary bed of Tenax-TA (2/3 by volume) and a smaller secondary bed of 

Carbosieve (1/3 by volume). These tubes had the same dimensions as the passive sorbent 

tubes described above and were conditioned as described above. VOC samples were collected 

directly onto the sorbent tubes from a port in the chamber top. A variable speed peristaltic 

pump (Cole-Parmer Instrument Company, Model 7553-80) was used to pull air from the 

chamber at a flow rate of 60-65 mL/min for 30 min (Approximately 2 liters were collected for 

each sample). Flow rates were measured twice during the sampling period using a DryCal gas 

flow meter (BIOS, 500 cc/min) at the exit from the pump. Active sampling was typically 

conducted twice each day (morning and afternoon). After sampling, the tubes were transferred 

to storage sleeves with Teflon lined caps (Supelco, 25095-U) and stored at -20 ˚C until 

analysis. Analysis was typically completed within 4 days of sample collection. 

Test for Ozone Interference on Axial-Diffusion Samplers 

Several papers have shown that ozone can react with terpenes on Tenax sorbent during active 

sampling (Calogirou et al. 1996; Pollmann et al. 2005). Research with aldehyde sampling in 

the presence of ozone found that potassium iodide is the most effective scrubber for removing 

ozone upstream of air sampling devices (Kleindienst et al, 1998). To test the need for ozone 

scrubbing during passive sampling, we developed a potassium iodide (KI) coated denuder 

extension that is connected to the sampling end of the axial-diffusion tube.  
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The KI coated denuders were prepared by cutting 3 cm length sections of ¼ inch stainless 

steel tubing. Tube sections were cleaned by sonication in methanol for 15 min followed by 

baking in an oven for 20 min at 60C. Equal parts of the KI solution and glycerol solution 

(see Reagents above) was transferred into the denuders and allowed to set for 7 minutes to 

allow KI to sorb onto the inner wall of the tube sections. The solution was then drained, and 

the denuder was air-dried on a solid phase extraction manifold under slight vacuum for 20 

min. The preparation resulted in ~ 20 mg KI coated onto each denuder section. The sections 

were connected to the inlet of the axial diffusion tube using press fittings (McMasterCarr, p/n 

51495K413).  Three configurations were used during the ozone exposure – denuder with KI 

coating, denuder without KI coating, and no denuder. The “no denuder” configuration was 

included in both the ozone exposure and ozone free environment. 

To test for ozone interaction, a set of five mono-terpenes were passively loaded on axial-

diffusion tubes as described above under the “passive sampling” section. After completion of 

terpene loading period, the remaining 12 sampling tubes were removed from the chamber and 

capped for later use. The VOC source was removed from the CSTR and the chamber was 

purged with clean air until active sampling confirmed the absence of terpenes. Once all 

terpenes were flushed from the CSTR, an ozone generator was installed on the chamber and 

adjusted to a chamber concentration of 10-20 ppb ozone at steady state.  

Once the ozone level was stabilized, four treatments were initiated: (i) three tubes without 

denuder sections were exposed in a second stainless steel ozone free chamber running at 2.5 

air changes per hour; (ii) three tubes without denuders sections installed in the CSTR with 

ozone; (iii) three tubes with denuder sections that were not coated with KI in the CSTR; and 

(iv) three tubes with KI coated denuders sections in the CSTR. All samples were exposed for 

four days (3 in the ozone free chamber and 9 in the ozone spiked CSTR) and analyzed for 

VOC at the end of the exposure period.  

Chemical Analysis 

The sorbent tubes were spiked with internal standard (~120 ng 1-bromo-4-fluorobenzene) and 

purged in the direction of sampling at room temperature for 3 minutes (40 mL/min) prior to 

analysis. The purging was used to ensure that the ISTD was transferred to the sorbent. Tubes 

were thermally desorbed for analysis by gas chromatography/mass spectrometry (TD-

GC/MS) using a thermodesorption auto-sampler (Model TDSA2; Gerstel), a 

thermodesorption oven (Model TDS3, Gerstel) and a cooled injection system (Model CIS4; 

Gerstel). The cooled injection system was fitted with a Tenax-packed glass liner (P/N 

013247- 005-00; Gerstel). Desorption temperature was 25 ºC with a 0.5 minute delay 

followed by a 60 ºC/min ramp to 270 ºC and a 4 minute hold time. The cooled inlet was held 

at -10 ºC and then heated within 0.2 minutes to 270 ºC at a rate of 12 ºC/s, followed by a 3 -

minute hold time. Compounds were resolved on a GC (Series 6890Plus; Agilent 

Technologies) equipped with a 30 meter HP-1701 14% Cyanopropyl Phenyl Methyl column 

(Model 19091U-233; Agilent Technologies) at an initial temperature of 1 ºC for 0.5 minutes 

then ramped to 40 ºC at 25 ºC/min, to 115 ºC at 3 ºC/min and finally to 250 ºC at 10 ºC/min 

holding for 10 minutes. Column flow was constant at 1.2 mL/min. The resolved analytes were 

detected using a mass spectrometer (5973; Agilent Technologies). The MS was operated in 

scan mode. Multipoint calibrations were prepared from pure standards for all target VOCs. 

All analytes were referenced to the internal standard. 

 

Data Analysis 

The chemical specific theoretical uptake rate (UR, mL/min) is calculated from Fick’s Law 

shown in Equation 1 of the introduction where the cross sectional area (A, cm
2
) of the axial 
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diffusion tubes (not corrected for gauze diffusion cap) used in this work is 0.1257 cm
2
 and the 

diffusion path length is 15 mm.  

The experimental uptake rate was calculated from Equation 2 in the introduction where the 

blank corrected chemical specific mass was measured on the passive sampling tubes for each 

time point (two samplers per day) and the time averaged exposure concentration was from 

active samples collected daily during the exposure period. Because the passive sampling 

period or end-point did not always coincide with the active sample collection, the 

concentrations used with Equation 2 were interpolated between the two closest time-averaged 

concentrations to coincide with the actual end time of the passive sample.  

The experimental uptake rate (mL/min) for each chemical was plotted as a function of time 

(days) to determine if the rate was constant (linear) or if the sorbent capacity was reached 

(deviation from linearity) and a regression model fit to the data using Excel (Microsoft Office 

2010). 

Measured uptake rates were compared to published values. Some published uptake rates are 

reported in units of ng/ppm (V/V)/min identified in this report as URm. The uptake rates are 

converted to the volumetric uptake rate (UR, mL/min) by  

        
     

  
 

   

 
 

 

   
 (4) 

Where P (kPa) is the actual pressure of the air sampled and T (kelvin) is the absolute 

temperature of air during sampling. It follows that if atmospheric pressure and temperature 

deviate significantly from standard temperature and pressure then the uptake rate for a given T 

and P (UR’) is calculated by 

        
   

 
 

 

   
 (5) 

For the ozone experiment, the four treatments were compared to each other and to the final 

mass measured at the termination of the uptake experiment. The objective was to quantify the 

change in terpene mass on the tubes caused by exposure of the sorbed compounds to ozone. 

The data also provide a measure of the effect of the diffusion end caps on uptake rates and an 

estimate of diffusive loss during storage for un-capped tubes. Student’s t-test was used along 

with an estimate of percent difference (%Diff) between each treatment where %Diff is  

       
               

                      
     (6) 

 

RESULTS  

Experimental conditions and active sample concentrations 

The uptake experiment started with forty-four chemicals listed in Appendix 1 and mixed at an 

equal mass concentration except for compounds with boiling points greater than 220 ºC, 

which were added at half the concentration compared to the others. Several days of testing 

were required in the chamber to identify the conditions needed to produce a steady state 

concentration in the range of 30 to 50 g/m
3
.  The measured concentrations from active 

sampling are presented in the first column of plots in Figure 2. These values represent the 

actual concentration in the chamber at the time of sampling integrated over the ~ 30 minute 

period of active sampling. As a result, the raw data represent a series of snap shots or short 
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term measurements collected over the duration of the study. The raw data were used to 

calculate the time averaged concentration and the results are shown in the second column of 

plots in Figure 2. The time averaged concentration represents the integrated concentration 

over the experimental period. 

The zero time point was collected immediately following loading of the passive sampling 

tubes into the CSTR and typically shows a lower concentration caused by ventilation of the 

chamber during loading. The concentration in the chamber with a constant source and 

ventilation rate of 2.0 air changes per hour (ACH, h
-1

) is expected to reach steady state within 

about 3/ACH hours or 1.5 hours. The concentration trend lines for most of the compounds 

achieved steady-state by the first sampling point, approximately 16 hours after loading the 

tubes. 

Three chemicals did not behave as expected during the uptake experiment. Dichloromethane 

(DCM) and hexane each had two high concentration spikes early in the exposure period with 

the remainder of measurements in agreement with other compounds. The cause of these 

spikes was unknown but DCM and hexane are commonly used solvents in the laboratory so 

the spikes may have been due to elevated background from other lab activity. 

Dibutylphthalate concentration came up very slowly and then the concentration dropped 

below the limit of detection at about 100 hours but increased again through the end of the 

experiment. This erratic concentration behaviour may have been related to the low volatility 

of dibutylphthalate causing interactions with the source tubing and the chamber walls or may 

hav e been due to poor mixing in the VOC source solution.  

All of the VOC concentrations in the CSTR began to drop after about 220 hours (day nine) of 

exposure. This drop occurred over a weekend and was probably caused by a failure or 

depletion of the VOC source. The time average concentration (column to right of plots in 

Figure 2) was provided through the entire experimental period (11 days). Uptake rates are 

calculated for both the constant source period (zero to 220 hours) and the full experimental 

period.  

Volumetric sampling rates for passive sampling  

The cumulative air volume sampled (V, Liters) is calculated from the time averaged active 

sampling concentrations and the mass on the passive sampling tube for each time point.  The 

results are reported for each time point and the individual compounds in each chemical class 

on the plots to the left of Figure 3. Because the cumulative volumetric uptake was not linear 

over the entire experiment for all compounds, a power function was used to describe uptake 

as 

       (7)

   

Where V is the vector of determined cumulative volumetric uptakes (L) and x is vector of 

elapsed times (h). The constants in Eq. 7 are calculated in Excel


 as  

 z = SLOPE(LN(V),LN(x)) (8) 

 m = EXP(INTERCEPT(LN(V),LN(x))) (9) 

and the coefficient of determination for the curve fit is 

 r
2
 = RSQ(LN(V),LN(x)) (10) 
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The power function is useful for this application because it always intercepts at zero and as 

the value of z approaches 1, the trend becomes linear. Equations 7-9 are used to calculate the 

cumulative uptake volume by fitting the measured data from the first nine days of the 

experiment (steady-state period) and separately by fitting the measured data from the full 11-

day experiment. For compounds where the exponent z exceeded 1, a linear regression with 

zero intercept was used to describe the volumetric uptake. The linear regression resulted in an 

increased coefficient of determination (r
2
). The linear regression was used for seven 

compounds including 2-butoxy ethanol, texanol, TXIB, dimethyl phthalate, diethyl phthalate, 

dibutyl phthalate and a-terpineol.  

The curves of cumulative sample volume versus time for many of the compounds show a 

pattern with an initial uptake rate that is faster than the long-term average. A decreasing 

sampling rate over time is consistent with other studies using Tenax axial-diffusive sampling 

tubes (Walgraeve et.al., 2011; Civan et.al., 2012) and is thought to be related to the capacity 

of the sorbent for the compound (Pennequin-Cardinal et.al., 2005). Replicate measurements 

were collected at each time point and the replicates demonstrate very good precision in the 

data used for the regression analysis. This provides a high degree of confidence in the shape 

of the uptake curves.   

The fitted parameters from the regression analysis were used to estimate cumulative sample 

volume which was then used with Equation 2 to estimate the time averaged uptake rate for 

each compound at each sampling point. The time averaged uptake rates (UR, mL/min) based 

on the full 11-day experiment are shown for each chemical class on the plots to the right of 

Figure 3. 

The parameters for the regression (power function) for the full 11-day sampling period and 

for the steady-state range of data (first 9-days) of sampling are provided in The calculated 

standard error of the estimate (SEE) is provided for the 11-day model to facilitate uncertainty 

estimates of the uptake rates. The two models do not differ significantly at the 9-day sampling 

duration (slope = 1.06) as shown in Figure 4. The largest difference for the predictions are for 

the compounds at the extremes of the physiochemical property range where the prediction for 

n-pentane (high volatility, low lipophilicity) was 12% higher for the steady-state range while 

several alkoxy compounds (low volatility, high lipophilicity) had higher uptake rates that 

were 12% – 16% higher when predicted from the full data range. This demonstrates the 

importance of sorbent selection for specific compounds. The Tenax-TA is a good sorbent for 

a wide range of compounds but may not be strong enough for compounds with high volatility 

and low lipophilicity. 
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Figure 4.  Comparison of the predicted uptake rates at nine days using the regressions parameterized using 

either the steady-state range of data (x-axis) or the full 11-day data range (y-axis).  The model 

parameters for the power function are provided in Table 1 and used to calculate the UR (mL/min) for 

a 9-day sampling period.  

 

Uptake rate determined for terpene on Tenax-GR without diffusion caps 

In addition to the formal uptake experiment described above, uptake rates were determined 

during the loading phase of the ozone experiment. The same method was used to expose the 

tubes with VOCs for ozone testing and for determination of uptake rates in the previous 

section except that only terpenes were included in the ozone experiment. Tubes used in the 

ozone experiment did not have diffusion caps installed during uptake and the tubes contained 

Tenax-GR rather than Tenax-TA as the sorbent. Tenax-GR is a composite material that 

contains 30% graphite with Tenax which is expected to increase the capacity of the sorbent. 

Compared to Tenax-TA, Tenax-GR has a slightly lower specific surface area (24.1 m
2
/g 

versus 30 m
2
/g) and higher density (55 g/mL versus 25 g/mL). Uptake rates for the five 

terpenes used in the experiment were determined during the seven-day loading period for 

comparison to the Tenax-TA with diffusion caps installed.  

The difference for uptake rates of the terpenes determined with and without the diffusion cap 

as a function of time is shown in Figure 5.  As expected, the diffusion cap reduces the uptake 

rate because of a slight increase in the diffusion path length and a reduction in the cross 

sectional area of the tube inlet caused by the cap and screen. The average uptake rate over the 

sampling period from day 5 to through day 7 for the five terpenes is about 22% lower with the 

diffusion cap installed compared to without the diffusion caps. We focus on days 5 – 7 

because tubes collected earlier in the sampling period have are more variable due to low 

sample mass. The difference between the tubes with diffusion caps and those without caps 

corresponds to an average uptake rate (±standard error) for the five terpenes of 0.258 ± 0.007 

mL/min and 0.206 ± 0.005 mL/min for the uncapped tubes and capped tubes, respectively. 

Although the study was not designed to compare uptake rates for different sorbents, initial 

findings show that Tenax-GR tubes have a higher capacity (longer linear uptake phase)  

compared to the Tenax-TA tubes. 

 



13 

 

Ozone effect 

After loading the diffusive sampling tubes with the five terpenes for seven days, the 

remaining twelve tubes were separated into four treatments as follows.  

 No ozone: uncapped tubes installed in an ozone free chamber supplied with house air 

that had been conditioned through activated carbon and a HEPA filter running at 

approximately 2 air changes per hour 

 Ozone positive control: uncapped tubes installed in the CSTR running with elevated 

ozone 

 Ozone denuder: tubes with section of untreated denuder installed on the inlet 

simulating the change in axial diffusive tube geometry without ozone scrubbing  

 Ozone KI denuder: tubes with section of potassium iodide treated denuder installed on 

the inlet to prevent ozone from reaching the sorbed terpenes. 

In addition to the four treatments, we include results from the final sampling point of the 

uptake experiment as a starting mass (initial, ng) on the tubes. At the end of the treatments, all 

tubes were harvested and analysed and the average mass (ng, ± standard error) on tubes from 

each treatment are shown in Figure 6.  

 
Figure 5.  Influence of the diffusion cap on the uptake rate as a function of elapsed time for terpenes where 

percent difference is calculated as (URo-URc)/average(URo,URc). URo is the uptake rate determined 

with axial-diffusion tube end open and URc is the uptake rate determined with a diffusion cap 

installed during uptake. The average for all terpenes and tubes over days five through seven indicates 

a 22% reduction in uptake rate with caps installed. Measurements collected earlier in the experiment 

show more variability while the uptake rate converges for most of the compound by day 7. It is 

unknown why the diffusion cap effect is greater for g-terpinene. 

Table 1 and can be used to calculate sample volume (or uptake rate) as a function of sampling 

time for Tenax-TA axial diffusion tubes with diffusion caps under typical indoor conditions 

using Equation 7.  
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Figure 2:  Concentration trend lines for each chemical class plotted over the uptake experiment with raw data 

plotted in the left column and time averaged or integrated concentrations plotted in the right 

column. 
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Figure 3.  Trend of cumulative volume sampled for each compound in the left column and time averaged 

uptake rate in the right column. 



16 

 

The calculated standard error of the estimate (SEE) is provided for the 11-day model to 

facilitate uncertainty estimates of the uptake rates. The two models do not differ significantly 

at the 9-day sampling duration (slope = 1.06) as shown in Figure 4. The largest difference for 

the predictions are for the compounds at the extremes of the physiochemical property range 

where the prediction for n-pentane (high volatility, low lipophilicity) was 12% higher for the 

steady-state range while several alkoxy compounds (low volatility, high lipophilicity) had 

higher uptake rates that were 12% – 16% higher when predicted from the full data range. This 

demonstrates the importance of sorbent selection for specific compounds. The Tenax-TA is a 

good sorbent for a wide range of compounds but may not be strong enough for compounds 

with high volatility and low lipophilicity. 

 
Figure 4.  Comparison of the predicted uptake rates at nine days using the regressions parameterized using 

either the steady-state range of data (x-axis) or the full 11-day data range (y-axis).  The model 

parameters for the power function are provided in Table 1 and used to calculate the UR (mL/min) for 

a 9-day sampling period.  

 

Uptake rate determined for terpene on Tenax-GR without diffusion caps 

In addition to the formal uptake experiment described above, uptake rates were determined 

during the loading phase of the ozone experiment. The same method was used to expose the 

tubes with VOCs for ozone testing and for determination of uptake rates in the previous 

section except that only terpenes were included in the ozone experiment. Tubes used in the 

ozone experiment did not have diffusion caps installed during uptake and the tubes contained 

Tenax-GR rather than Tenax-TA as the sorbent. Tenax-GR is a composite material that 

contains 30% graphite with Tenax which is expected to increase the capacity of the sorbent. 

Compared to Tenax-TA, Tenax-GR has a slightly lower specific surface area (24.1 m
2
/g 

versus 30 m
2
/g) and higher density (55 g/mL versus 25 g/mL). Uptake rates for the five 

terpenes used in the experiment were determined during the seven-day loading period for 

comparison to the Tenax-TA with diffusion caps installed.  

The difference for uptake rates of the terpenes determined with and without the diffusion cap 

as a function of time is shown in Figure 5.  As expected, the diffusion cap reduces the uptake 

rate because of a slight increase in the diffusion path length and a reduction in the cross 

sectional area of the tube inlet caused by the cap and screen. The average uptake rate over the 

sampling period from day 5 to through day 7 for the five terpenes is about 22% lower with the 

diffusion cap installed compared to without the diffusion caps. We focus on days 5 – 7 
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because tubes collected earlier in the sampling period have are more variable due to low 

sample mass. The difference between the tubes with diffusion caps and those without caps 

corresponds to an average uptake rate (±standard error) for the five terpenes of 0.258 ± 0.007 

mL/min and 0.206 ± 0.005 mL/min for the uncapped tubes and capped tubes, respectively. 

Although the study was not designed to compare uptake rates for different sorbents, initial 

findings show that Tenax-GR tubes have a higher capacity (longer linear uptake phase)  

compared to the Tenax-TA tubes. 

 

Ozone effect 

After loading the diffusive sampling tubes with the five terpenes for seven days, the 

remaining twelve tubes were separated into four treatments as follows.  

 No ozone: uncapped tubes installed in an ozone free chamber supplied with house air 

that had been conditioned through activated carbon and a HEPA filter running at 

approximately 2 air changes per hour 

 Ozone positive control: uncapped tubes installed in the CSTR running with elevated 

ozone 

 Ozone denuder: tubes with section of untreated denuder installed on the inlet 

simulating the change in axial diffusive tube geometry without ozone scrubbing  

 Ozone KI denuder: tubes with section of potassium iodide treated denuder installed on 

the inlet to prevent ozone from reaching the sorbed terpenes. 

In addition to the four treatments, we include results from the final sampling point of the 

uptake experiment as a starting mass (initial, ng) on the tubes. At the end of the treatments, all 

tubes were harvested and analysed and the average mass (ng, ± standard error) on tubes from 

each treatment are shown in Figure 6.  

 
Figure 5.  Influence of the diffusion cap on the uptake rate as a function of elapsed time for terpenes where 

percent difference is calculated as (URo-URc)/average(URo,URc). URo is the uptake rate determined 

with axial-diffusion tube end open and URc is the uptake rate determined with a diffusion cap 

installed during uptake. The average for all terpenes and tubes over days five through seven indicates 

a 22% reduction in uptake rate with caps installed. Measurements collected earlier in the experiment 

show more variability while the uptake rate converges for most of the compound by day 7. It is 

unknown why the diffusion cap effect is greater for g-terpinene. 
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Table 1. Parameters for estimating diffusive sample volume
(1)

 as a function of time (V = M*t
Z
)  

 11-day sampling period  9-day sampling period 

Compound z m r
2
 SEE z m r

2
 

butanal 0.609 0.064 0.98 0.06 0.589 0.070 0.98 

hexanal 0.803 0.035 0.99 0.12 0.766 0.041 0.98 

heptanal 0.902 0.024 0.99 0.18 0.868 0.028 0.99 

octanal 0.999 0.015 0.98 0.32 0.951 0.019 0.98 

benzaldehyde 0.898 0.030 0.99 0.22 0.871 0.034 0.99 

nonanal 0.979 0.015 0.99 0.19 0.958 0.017 0.98 

decanal  0.999 0.013 0.98 0.21 0.961 0.016 0.98 

n-pentane 0.317 0.102 0.74 0.03 0.419 0.067 0.92 

n-hexane 0.721 0.033 0.97 0.09 0.669 0.041 0.97 

n-heptane 0.671 0.063 0.99 0.06 0.640 0.071 0.99 

n-octane 0.753 0.046 0.99 0.11 0.714 0.054 0.99 

n-decane 0.797 0.036 0.98 0.14 0.758 0.043 0.99 

n-undecane 0.866 0.025 0.98 0.15 0.820 0.030 0.98 

n-dodecane 0.858 0.025 0.98 0.15 0.815 0.030 0.98 

n-tetradecane 0.904 0.018 0.99 0.10 0.865 0.021 0.99 

n-hexadecane 0.892 0.018 0.98 0.07 0.874 0.019 0.98 

benzene  0.611 0.077 0.99 0.03 0.587 0.084 0.99 

toluene 0.723 0.057 0.99 0.08 0.698 0.063 0.99 

ethylbenzene 0.795 0.043 0.99 0.14 0.762 0.049 0.99 

p-xylene 0.808 0.041 0.99 0.16 0.772 0.047 0.99 

o-xylene 0.797 0.042 0.99 0.15 0.760 0.049 0.99 

1,2,4-trimethylbenzene 0.858 0.031 0.99 0.21 0.813 0.038 0.99 

1,2,3-trimethylbenzene 0.865 0.031 0.98 0.22 0.818 0.037 0.99 

butylbenzene 0.884 0.027 0.99 0.20 0.842 0.032 0.99 

acetophenone 0.995 0.018 0.97 0.65 0.918 0.025 0.97 

2-butoxyethanol 1
(2)

 0.017 0.98 1.13 1 0.016 0.98 

2-ethyl-1-hexanol 1 0.015 0.99 0.21 0.963 0.017 0.99 

t-butyl methyl ether 0.395 0.197 0.98 0.02 0.374 0.215 0.99 

texanol 1 0.012 0.97 0.67 1 0.010 0.95 

TXIB 1 0.010 0.98 0.25 1 0.010 0.98 

dimethyl phthalate 1 0.016 0.94 2.60 1 0.014 0.96 

diethyl phthalate 1 0.012 0.94 1.57 1 0.012 0.97 

dibutyl phthalate 1 0.018 0.78 15.25 1 0.015 0.75 

chloroform 0.509 0.096 0.98 0.03 0.535 0.086 0.99 

carbon tetrachloride 0.562 0.085 0.99 0.02 0.541 0.092 0.99 

tetrachloroethlyene 0.767 0.042 0.99 0.09 0.736 0.047 0.99 

hexafluorobenzene 0.642 0.057 0.99 0.03 0.615 0.064 0.99 

perfluorotoluene 0.761 0.040 0.99 0.08 0.723 0.047 0.99 

a-pinene 0.757 0.037 0.99 0.07 0.716 0.043 0.99 

3-carene 0.825 0.031 0.98 0.14 0.779 0.038 0.99 

d-limonene 0.838 0.033 0.98 0.18 0.791 0.039 0.98 

g-terpinene 0.820 0.030 0.97 0.18 0.786 0.035 0.96 

a-terpineol 1 0.014 0.93 0.67 0.985 0.013 0.93 
(1)

Parameters are for sample volume in Liters as a function of time in days; 
(2)

 when the best fit exponenet is 

greater than one, z > 1, the exponent is set to 1 and the model reduces to a linear regression with slope (m).  
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Figure 6.  Effect of different ozone exposure scenarios on total terpene mass (sum of five terpenes) on 

passively loaded tubes where error bars indicate ± 1 standard error.  

 

DISCUSSION 

The shape of the uptake curve for diffusive sampling should be linear, i.e., a constant uptake 

rate, over the duration of the sampling event so that the resulting measurements represent a 

time averaged concentration. If sampling is faster or slower during part of the sampling 

period, the measurement will be biased in favour of the period where sampling rate was 

elevated. Many of the compounds included in this work had initial uptake rates that were 

faster than the long-term average sampling rate and the shape of the curve in terms of 

cumulative volume sampled over time was best described using a power function. The power 

function has a zero intercept and approaches a straight line (when the uptake rate is constant 

over time) as the value of the exponent of the power function approaches one.  

The relationship between the two parameters of the power function (Equation 7) for the VOCs 

tested in this work is shown in Figure 7 where the value of the constant (m) was plotted 

against the value of the corresponding exponent (z) across all compounds in this study. The 

two outliers in the relationship are compounds with both high vapour pressure and low 

sorbent capacity, a combination that may be outside the useable range of the Tenax-TA axial-

diffusion sampling tubes. The parameterized second order polynomial shown in Figure 7 does 

not change significantly if the outliers – pentane and methyl tert-butyl ether (mtbe) – are 

excluded from the regression. We use the relationship between the parameter pairs (z, m) for 

the actual compounds to simulate a set of uptake curves to further explore the performance of 

the passive samplers. 

The equation shown in Figure 7 was used to generate a set of parameter pairs (z, m) that 

represent the range of compounds in this study. The parameter pairs were used with Eq 7 to 

construct representative curves of cumulative sample volume as a function of time shown in 

Figure 8. These curves illustrate how the deviation from a linear or constant uptake rate is 

related to the value of z and the long-term uptake rate is controlled by the value of m. When z 

is small, the uptake rate is initially fast but slows with time and as z approaches unity the 
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uptake rate becomes linear (constant). Increasing the value of m with no change to z results in 

an increase in the long-term uptake rate (slope).  

 

 
Figure 7. Relationship between the power function constant (m) and the exponent (z) for the test 

compounds. The coefficient of determination (r
2
) of the regression increases to 0.95 when pentane 

and methyl tert-butyl ether (MTBE) are excluded without changing the model.  The polynomial 

regression is used to construct representative parameter pairs (z, m) across the range of VOCs to 

explore the shape of the uptake curves for the compounds in Table 1. 

 

 
Figure 8.  Set of illustrative curves showing the shape of the sample volume (V, L) to elapsed time (h) 

relationship for representative parameter pairs that were generated using the regression shown in 

Figure 7. The straight line indicates a constant uptake rate while the curved lines indicated initial 

rapid uptake followed by slower long term uptake. 

Although the values of the parameters in the power function describe the shape of the uptake 

rate curve, the reason for the difference in the shape of the curve is related to physiochemical 

properties of the VOCs. Assuming constant sampler geometry, the two properties that 
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influence the uptake rate are the molecular diffusivity and the sorbent/air partition coefficient. 

This is illustrated in Figure 9 along with a cross-section schematic of an axial-diffusive 

sampling tube.  

Referring to Figure 9, when the tube is opened and sampling starts, the concentration at the 

sorbent/air interface is effectively zero and uptake is controlled by the molecular diffusivity of 

the compound in air following Fick’s Law (Equation 1). The resulting concentration profile 

across the length of the sampling tube is illustrated for this case in the upper chart in Figure 9 

below the schematic of the sampling tube. The concentration gradient at the inlet to the 

sampling tube goes from the ambient air concentration at the open face of the diffusion cap to 

effectively zero on the air-side of the sorbent/air interface.  

As sampling progresses, the concentration on the sorbent-side of the sorbent/air interface 

begins to increase but the effective concentration on the air-side of the sorbent/air interface 

remains near zero so that the uptake is still controlled only by molecular diffusion. This case 

is illustrated by the second chart shown in Figure 8. As the concentration on the sorbent-side 

of the sorbent/air interface increases, th e chemical begins to diffuse into the sorbent bed. The 

rate of diffusion into the sorbent bed is controlled by the effective diffusivity of the compound 

in the sorbent which is a function of the molecular diffusivity of the compound and the 

porosity of the sorbent bed. When air occupies a tortuous pathway between stationary 

particles in a porous medium, Millington and Quirk (1961) have shown that the effective 

diffusivity, Deff, of a chemical in the fluid-filled pore space is given by  

      
    ⁄

  
      (11) 

where  is the volume fraction occupied by the fluid,  is the total void fraction in the medium 

(the volume occupied by all fluids), and Dpure is the molecular diffusivity or diffusion 

coefficient of the chemical in the pure fluid. Given a completely dry sorbent bed of Tenax-TA 

with pore space of 0.6, the effective diffusivity in the sorbent bed is about ½ the molecular 

diffusivity in air.   

At some point in time after sampling begins, the concentration on the sorbent side of the 

sorbent/air interface reaches a level above which the air-side concentration is no longer zero. 

This is illustrated in the bottom graphic in Figure 9. This is the point where the sorbent-side 

concentration divided by the air-side concentration equals the equilibrium sorbent/air partition 

coefficient. As diffusive sampling continues beyond this point, the concentration on each side 

of the sorbent/air interface will continue to increase resulting in a downward trend in the 

sampling rate. The downward trend in sampling rate is caused by a decrease in the 

concentration gradient between the ambient air concentration at the entrance to the sorbent 

tube and the concentration on the air-side of the sorbent/air interface.  

The sorbent-side and air-side concentration will continue to increase and the sampling rate 

will continue to decrease until the uptake rate is controlled by the effective diffusivity in the 

sorbent bed. Once sampling rate from air is equal to the diffusion rate into the sorbent bed, the 

concentration at the sorbent/air interface will stop increasing and sampling will be constant 

again, controlled only by the effective diffusivity.  
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Figure 9.  Schematic of axial-diffusion sampling tube is shown in the top image. The three graphics below the 

schematic illustrate the concentration profile as a function of time. The top graphic illustrates the 

concentration profile shortly after the start of a sampling event and the subsequent graphics 

illustrate the change in concentration profile as sampling progresses. The symbols are as follows – Cair 

is the ambient concentration of the target chemical in air; C*
air is the air concentration directly 

adjacent to the air/sorbent interface; C
*

sorbent is the concentration in the sorbent directly adjacent to 

the air/sorbent interface; and K(sorbent/air) is the equilibrium partition coefficient between sorbent and 

air.  
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The time that it takes for the sampling to move through the different stages described above is 

also a function of the physiochemical properties. Increasing molecular diffusivity and/or 

decreasing the sorbent/air partition coefficient will shorten the time required to go from the 

air-side diffusion controlled uptake to the transition between air-side and sorbent-side 

diffusion controlled uptake and then finally to sorbent-side diffusion controlled uptake.  

Walgraeve et.al. (2011a) defined the term “sampling efficiency (SE)” as the ratio of the 

experimental uptake rate to the theoretical or ideal uptake rate and found that the sorbent/air 

partition coefficient explained much of the deviation of uptake rates from the ideal. Using the 

octanol/air partition coefficient (Koa)as a surrogate for the sorbent/air partition coefficient in 

this work we see a similar pattern in SE as was shown by Walgraeve et.al., (2011a). Figure 10 

shows SE increasing with sorption capacity up to a Log Koa of about 4.5.  Beyond a Log Koa 

of 4.5, the SE is relatively insensitive to the sorbent/air partition coefficient remaining 

constant at about 0.78. 

 
Figure 10. Sampling efficiency calculated as the ratio of the time averaged experimental uptake at 11-days to 

the theoretical uptake rate based on molecular diffusivity and tube geometry. The line through the 

data is an off-set logistic function fit by minimizing the sum of the squares between the experimental 

and predicted values.   

The constant SE above Log Koa of 4.5 indicates that the sorption capacity of the sorbent 

interface has not been exceeded for the conditions of sampling resulting in near ideal uptake. 

The ~ 20% reduction in sampling rate observed with the experimental uptake rates relative to 

ideal value calculated from molecular diffusivity and tube geometry may be due to the 

diffusion caps as illustrated in Figure 5 earlier. The experiment with terpenes indicated that 

having diffusion caps installed during sampling reduced uptake rates by approximately 20% 

over a 7-day sampling period. This may be due to a reduction in the opening caused by the 

wire gauze and clip and/or an increase in diffusion path caused by the cap.  

The line fit through the SE data in Figure 10 is a logistic function of the form  

    
     

  (
 

 
  )                   

 (12) 
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Where SEmax is the maximum ratio of the experimental to theoretical sampling rates, A and B 

are constants and offset shifts the curve along the sorbent/air partition coefficient axis. The 

value of the offset is likely related to the sorbent being used where a stronger sorbent (i.e., 

graphitized carbon) would reduce the offset such that chemicals with lower Log Koa would 

approach the SEmax. The parameters in the model were adjusted to minimize the sum of the 

square differences between the experimental and predicted sampling efficiency values. 

Equation 12 can be used to predict SE for chemicals that lack experimentally determined 

uptake rate given the conditions of this study using the chemical’s Log Koa and parameter 

values for A, B and offset of 0.26, 1.2 and 2, respectively. The standard error of the estimate 

for Equation 12 is 0.089 in the Log Koa range of 1.7 to 8.5. The predicted SE can then be used 

with the theoretical uptake rate (Equation 1) to predict the time-averaged uptake rate for the 

chemical at 11-days.   

The ozone experiment produced an additional set of uptake curves for terpenes in the absence 

of diffusion caps. The uptake rates were approximately 20% faster at 7 days compared to 

those determined with diffusion caps installed. These differences should be explored further 

to confirm the changes in tube geometry related to the use of the diffusion caps and improve 

the estimate of the theoretical uptake rate. The results indicate that the wire gauze and cap 

reduce the cross-sectional area of the tube opening and/or increase the diffusion path length 

but it is important to use the diffusion caps to reduce effects of variable wind speed on 

sampling rate (Pennequin-Cardinal et.al., 2005).   

The results for the different ozone treatments were compared statistically using the Student’s 

t-test with results shown in Table 2. The comparison shows that the only statistically 

significant difference in the treatments is between the “no ozone” treatment (no denuder) and 

the “with ozone” treatment using the KI coated denuder (p-value 0.01), and between the “with 

ozone” treatment for KI coated denuder and uncoated denuder (p-value 0.03). However, 

neither treatment is significantly different from the initial concentration. In addition, the 

treatments using denuders are actually slightly higher than the initial mass on the tubes 

measured at the start of the ozone exposure.  

 
Table 2. Student’s t-test probability matrix comparing different treatments 

   with ozone 

 

 
no ozone 

without 
denuder 

with 
uncoated 
denuder 

with KI 
coated 

denuder 

 
no ozone 1.00 0.93 0.55 0.08 

w
it
h

 

o
z
o
n

e
 without denuder 
 

1.00 0.09 0.01 

with uncoated denuder 
  

1.00 0.03 

with KI coated denuder  
  

1.00 

The important comparison for understanding possible ozone degradation of the sorbed 

terpenes is between the “no ozone” treatment without denuder and the “with ozone” treatment 

without denuder. These treatments had exactly the same tube geometry with the only 

difference in the treatments being the presence/absence of ozone.  In this comparison, the 

final mass of total terpene for the two treatments was not significantly different. There was no 

apparent influence of ozone on terpene loss. Possible reasons slightly higher mass on the 

tubes with denuders may be random error or may be related to back diffusion of sorbed 

chemical. The rate of back diffusion would be different for the tubes using denuders and those 

without denuders because of difference in the diffusion path length of the additional section of 
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denuder tube and reduce in diffusion cross sectional area because of the coating on the walls 

of some of the denuders.  

 

CONCLUSION  

Diffusive sampling using commercial thermal desorption tubes is a reliable method for 

monitoring air contaminants over long sampling periods. Compared to active sampling 

methods, passive sampling is cost effective and easy to deploy by untrained personnel. The 

Tenax-TA axial-diffusive sampling tubes are appropriate for chemicals ranging in vapour 

pressure and lipophilicity from n-pentane to dibutyl phthalate as shown in this work.  

The CSTR calibration chamber and VOC delivery system used in this study provides field 

relevant uptake rates for a wide range of relevant indoor pollutants. Compounds at the 

extreme high end of the volatility range and low end of the lipophilicity range (e.g., n-

pentane, butanal and n-hexane) have faster uptake rates early in the sampling period relative 

to the long term average uptake rate leading to a possible bias in the measured concentrations 

towards the early period of deployment. Uncertainty in the experimental sampling rates 

increases for compounds with very high lipophilicity and low vapour pressure (e.g., 

phthalates). Most of the compounds tested had excellent precision. Five tubes were collected 

at the 11-day sampling point and the measured uptake rates for all compounds except 2-

butoxyethanol and dibutyl phthalate had coefficient of variation better than 10% with more 

than 70% of the compounds having precision better than 4.7%. Therefore, even if the uptake 

was not always constant for different sample durations, the sampling rate at any given sample 

duration was highly reproducible. 

For chemicals that are listed in Table 1, we recommend using the power function parameters 

(m and z) derived from the 11-day sampling period to estimate cumulative sample volume for 

sample durations between one and 11 days. The standard error of the estimate is provided for 

each compound for reporting uncertainty in the estimated sampling rate. For compounds not 

listed in Table 1, but with physiochemical properties in the range of the tested compounds 

(see Appendix 1) we recommend using Equation 12 for the logistic function that is illustrated 

in Figure 10. The standard error of the estimate is provided with Equation 12 for reporting 

uncertainty. The predicted SE can then be used with the theoretical uptake rate (Equation 1) to 

estimate the appropriate uptake rate. It is important to note that the predicted SE is for 

diffusive sampling over the full 11-days while the parameters in Table 1 can be used for 

shorter sampling periods but only within the test range (1 to 11 days). 

Future work should confirm the influence of diffusion caps on the theoretical uptake rate 

calculated from molecular diffusivity and tube geometry so that a more reliable estimate of 

the theoretical uptake rate can be made. In addition, different sorbents and commercial tubes 

should be tested to further refine the parameters in Equation 12, which may lead to a 

generalizable predictive equation for uptake based on sorbent type, tube geometry and 

physiochemical properties. It would also be useful to confirm the temperature and pressure 

relationship in Equation 5 although indoor sampling is typically conducted near standard 

temperature and pressure.   
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Appendix 1: List of Chemicals and Properties (see caption for definition of properties and units)
1
  

Compound 
Chemical 

Class 
CAS# MW  

 
BP Vx H Log Kow Log Koa Dair CF 

2-butoxyethanol Alcohol 111-76-2 118.17 0.90 170 131.44 1.60E-06 0.83 5.01 0.073 0.207 

2-ethyl-1-hexanol Alcohol 104-76-7 130.23 0.83 185 158.47 2.65E-05 2.73 5.70 0.066 0.188 

butanal Aldehyde 123-72-8 72.10 0.80 75 91.88 1.15E-04 0.88 3.39 0.090 0.339 

hexanal Aldehyde 66-25-1 100.20 0.82 128 124.90 2.13E-04 1.78 4.41 0.076 0.244 

heptanal Aldehyde 111-71-7 114.20 0.82 153 141.40 2.70E-04 2.29 4.25 0.071 0.214 

octanal Aldehyde 124-13-0 128.20 0.82 174 157.91 5.14E-04 2.78 5.36 0.067 0.191 

benzaldehyde Aldehyde 100-52-7 106.10 1.05 179 101.10 2.67E-05 1.48 4.44 0.082 0.231 

nonanal Aldehyde 124-19-6 142.20 0.83 195 174.42 7.34E-04 3.27 4.79 0.063 0.172 

decanal  Aldehyde 112-31-2 156.27 0.83 208 190.92 1.80E-03 3.76 4.89 0.060 0.157 

n-pentane Alkane 109-66-0 72.20 0.63 36 111.07 1.25E+00 3.39 1.68 0.083 0.339 

n-hexane Alkane 110-54-3 86.20 0.66 69 127.58 1.80E+00 3.90 2.40 0.076 0.284 

n-heptane Alkane 142-82-5 100.20 0.68 98 144.08 2.00E+00 4.66 2.95 0.071 0.244 

n-octane Alkane 111-65-9 114.20 0.70 126 160.59 3.21E+00 5.18 3.35 0.067 0.214 

n-decane Alkane 124-18-5 142.30 0.73 174 193.60 5.15E+00 5.01 2.69 0.060 0.172 

n-undecane Alkane 1120-21-4 156.30 0.74 196 210.11 1.93E+00 5.74 3.84 0.058 0.157 

n-dodecane Alkane 112-40-3 170.30 0.75 216 226.62 8.24E+00 6.10 3.57 0.055 0.144 

n-tetradecane Alkane 629-59-4 198.40 0.76 252 259.63 9.20E+00 7.20 4.63 0.051 0.123 

n-hexadecane Alkane 544-76-3 226.40 0.77 287 292.64 4.73E-01 8.20 6.91 0.048 0.108 

benzene  Aromatic 71-43-2 78.11 0.87 80 89.43 5.55E-03 2.13 2.78 0.090 0.313 

toluene Aromatic 108-88-3 92.14 0.87 110 105.71 6.64E-03 2.73 3.31 0.082 0.266 

ethylbenzene Aromatic 100-41-4 106.17 0.87 136 122.25 7.88E-03 3.15 3.74 0.076 0.230 

p-xylene Aromatic 106-42-3 106.20 0.86 139 121.98 6.90E-03 3.15 3.79 0.076 0.230 
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Compound 
Chemical 

Class 
CAS# MW  

 
BP Vx H Log Kow Log Koa Dair CF 

o-xylene Aromatic 95-47-6 106.17 0.88 144 121.98 5.18E-03 3.12 3.91 0.076 0.230 

1,2,4-trimethylbenzene Aromatic 95-63-6 120.19 0.88 168 138.26 6.16E-03 3.63 4.23 0.071 0.204 

1,2,3-trimethylbenzene Aromatic 526-73-8 120.20 0.89 175 138.26 4.36E-03 3.66 4.41 0.071 0.204 

butylbenzene Aromatic 104-51-8 134.20 0.86 183 155.26 1.59E-02 4.38 4.57 0.067 0.182 

acetophenone Aromatic 98-82-2 120.15 1.03 202 120.96 1.04E-05 1.58 4.95 0.075 0.204 

texanol Ester 25265-77-4 216.32 0.95 255 228.78 4.23E-06 3.00 8.47 0.054 0.113 

TXIB Ester 6846-50-0 286.40 0.94 280 301.16 3.40E-03 4.91 8.32 0.047 0.085 

dimethyl phthalate Ester 131-11-3 194.18 1.19 282 165.22 1.97E-07 1.60 6.69 0.063 0.126 

diethyl phthalate Ester 84-66-2 222.20 1.12 298 198.23 6.10E-07 2.42 7.02 0.058 0.110 

dibutyl phthalate Ester 84-74-2 278.34 1.04 340 264.26 1.81E-06 4.50 8.63 0.050 0.088 

t-butyl methyl ether  Ester 1634-04-4 88.20 0.74 20 117.48 5.87E-04 0.94 2.58 0.079 0.277 

dichloromethane Halogen 75-09-2 84.90 1.33 40 67.81 3.25E-03 1.25 2.27 0.100 0.288 

chloroform Halogen 67-66-3 119.40 1.49 62 79.57 3.67E-03 1.97 2.80 0.090 0.205 

carbon tetrachloride Halogen 56-23-5 153.80 1.59 77 90.63 2.76E-02 2.83 2.79 0.083 0.159 

tetrachloroethlyene Halogen 127-18-4 165.80 1.62 121 100.31 1.77E-02 3.40 3.48 0.079 0.148 

hexafluorobenzene Perfluorinated 392-56-3 186.05 1.61 81 114.69 2.68E+00 2.55 2.81 0.074 0.131 

perfluorotoluene Perfluorinated 434-45-7 236.06 1.66 104 143.99 8.16E-01 3.96 3.34 0.066 0.104 

a-pinene Terpene 7785-70-8 136.23 0.86 156 154.91 2.94E-01 4.48 3.36 0.067 0.180 

3-carene Terpene 13466-78-9 136.23 0.86 174 154.91 8.18E-02 4.38 3.74 0.067 0.180 

d-limonene Terpene 5989-27-5 136.23 0.84 175.5 163.26 3.19E-02 4.57 4.36 0.065 0.180 

g-terpinene Terpene 99-85-4 136.23 0.85 182 161.13 2.25E-02 4.50 4.54 0.066 0.180 

a-terpineol Terpene 10482-56-1 154.25 0.93 217 164.98 1.22E-05 3.28 6.58 0.064 0.159 
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1
 Properties listed in the header are defined as follows: CAS# is the chemical abstract service number; MW is molecular weight (g/mol);  is the 

liquid density at 20 °C (g/mL); BP is boiling point (°C), Vx is molar volume (cm
3
/mol); H is Henry’s law constant (atm-m

3
/mol); Log Kow is the 

log octanol water partition coefficient (unitless), Log Koa is the octanol air partition coefficient (unitless), Dair is the molecular diffusivity in air 

(m
2
/d); and CF is the conversion factor between g/m

3
 and ppb. MW and  were from the original container, BP, Vx, H, Log Kow and Log Koa 

were from http://www.chemspider.com/. Dair was calculated as described in the methods section.  
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